This article provides an overview of four radiological accidents in Latin America, and includes a history of the events, the clinical manifestations and health consequences for the exposed individuals, the medical response based on preclinical studies and the role of the International Atomic Energy Agency (IAEA) in coordinating medical response assistance. Ó 2016 by Radiation Research Society
NUCLEAR AND RADIOLOGICAL EMERGENCIES
An emergency is a nonroutine situation that necessitates prompt action, primarily to mitigate a hazard or limit the adverse consequences for human health and safety, quality of life, property and the environment. It includes situations for which prompt action is warranted to mitigate the effects of a perceived hazard. A nuclear or radiological emergency involves hazards due to radiation exposure or due to the energy resulting from a nuclear chain reaction or from the decay of the products of a chain reaction (1) .
From 1945 to 2005, there were 565 significant nuclear or radiological emergencies reported worldwide, in which 3,000 individuals were exposed and 169 fatalities occurred (2, 3) . From 2000 to 2010, 130 individuals were exposed and 14 fatalities occurred in North America, South America, Africa, Asia and Europe. In Latin America alone, there were 46 radiological accidents from 1962 to 2014, primarily associated with industrial activities (35%), irradiators (27%) and clinical sources (12%) (3) . Since 1980, the number of reported overexposures in the medical sector has increased (4) .
The low frequency of radiological accidents, the paucity of information available on the subject to students at medical schools and the nonspecific clinical manifestations, especially at earlier stages, are some of the common factors that contribute to the late identification and delayed diagnosis of affected individuals in nuclear or radiological emergencies (5) . Some of the typical clinical manifestations are listed in Table 1 (6) .
This review provides an overview of some of the medical experiences and lessons learned from radiological accidents that occurred in Latin America.
THE RADIOLOGICAL ACCIDENT IN YANANGO
On February 20, 1999, a radiological accident occurred in Yanango, Peru. A worker on a hydroelectric construction site picked up, with his right hand, an unshielded radioactive sealed source of iridium-192 ( 192 Ir) used for industrial radiography. At the time of the accident, the activity of the source was 1.37 TBq. The worker then kept the radioactive source in the right back pocket of his trousers for at least 3 h (7).
The preliminary dose assessment concluded a highabsorbed dose to the right inferior limb and other organs. This included: ''skin at 1 cm of contact to the radioactive source (9,966 Gy); soft tissues among 2-7 cm of contact (from 2,508 to 191 Gy), femur (143 Gy); femoral artery (143 Gy); gonads (23 Gy); bladder and rectum (18 Gy)''.
This accident resulted in severe health consequences for the patient during the following months. He developed necrosis of tissues including skin, subcutaneous tissues, muscles, blood vessels, proximal epiphysis and diaphysis of the right femur, exposure of sciatic nerve and severe lesions in gonads and rectum (Fig. 1) . The therapeutic strategy applied at that time consisted of medical interventions after the appearance of clinical manifestations. In this case, several surgeries were performed to remove the necrotic tissues (7) .
Approximately one month after the accident, the Peruvian authorities requested the provision of specialized medical assistance from the IAEA by invoking the Convention on Assistance in the Case of a Nuclear Accident or Radiological Emergency (Convention on Assistance) (8) . An IAEA Assistance Mission under the terms of the Convention on Assistance was deployed to Lima, Peru. The objectives of the mission were to: examine and evaluate the patient's condition; review the methodology of the dosimetry calculations and evaluation; determine the results of the patient's examination with respect to the estimated doses; discuss whether surgery was required and, if so, what type; review the expected course of treatment for the patient as well as issues related to future medical care; review the possible causes of the accident; and provide further recommendations (7) .
Due to the severity of the patient's condition, he was transferred to the Percy Military Hospital (HIA Percy, Clamart Cedex, France) on day 100 after the accident based on the conclusions of the Assistance Mission. On postaccident day 171, given the critical condition of the patient, the extensive necrosis in the right limb, intense pain, multiple infections and ankyloses of the right hip and knee, the decision was made to perform a radical surgical procedure, which consisted of a wide exeresis of the internal rectus and the major and minor gluteus, followed by a disarticulation of the right hip. Afterwards, the patient completed treatment in Peru due to the evolution of his medical condition (Fig. 2) .
The clinical evolution of the patient and the health consequences after the accident prompted the need for stronger consideration of preclinical and clinical studies for the development of new therapeutic approaches. Some of these approaches were developed by the Institute of Radioprotection and Nuclear Safety (IRSN, Fontenay-auxRoses Cedex, France) in collaboration with HIA Percy, and involved the design of an innovative therapeutic protocol using early surgery guided by local dose assessment, combined with the administration of mesenchymal stem cell (MSC) therapy (9, 10).
DEVELOPMENT OF PRECLINICAL STUDIES AFTER THE YANANGO ACCIDENT
At the end of the 1990s, after the radiological accident in Yanango, scientists began exploring the possible use of MSCs taken from bone marrow to treat radiation-induced skin lesions. Adult stem cells are responsible for the maintenance and homeostasis of their tissue or organ of origin throughout life. They share a number of properties, including self renewal, multipotent yet lineage-restricted differentiation and extensive paracrine activity. Therefore, the therapeutic use of stem cells presents interesting possibilities for promoting tissue regeneration after radiation-induced injury. Hematopoietic stem cells harvested from bone marrow have been used for decades to reconstitute hematopoietic system and immune function in patients. Similarly, MSCs constitute a promising tool for cell therapies, because they are easily accessible and isolated from various sources, e.g., bone marrow, fat and umbilical cord, they show robust in vitro expansion to clinical scale and they allow cryopreservation with minimal loss of stem cell characteristics (11) . MSCs have been evaluated for regenerative medicine applications, either through direct differentiation into cartilage, bone and fat, or indirectly through protein or cytokine secretion and immune suppression. Building on the good clinical safety record established by several studies of systemic MSC transplantation, preclinical studies demonstrated the beneficial effect of human MSCs (hMSCs) on the healing of radiationinduced musculocutaneous lesions in a mouse model (12) . The preclinical data have not only shown that the transplanted hMSCs were found in the injured area but also that the pathophysiological consequences of radiation exposure were reduced (12) . The severity of the skin lesions was limited, and the healing process was hastened in hMSC-treated animals compared to controls. The observed positive effects of hMSC therapy on skin repair were mainly due to their paracrine effect. Similarly, recent studies demonstrated the beneficial role of bone marrow administration in remodeling processes and the repair of radiation-induced vascular damage in the acute and late phases. It was shown that bone marrow injection in irradiated skin lesions does not heighten the inflammatory response to radiation represented by the endothelial activation visualized by videomicroscopy (Fig. 3) . Finally, the preclinical results allowed the translation of basic knowledge on MSC biology into the design of clinical therapies, supporting the treatment of local radiation-induced injuries. At the preclinical stage, a new therapeutic strategy had been proven effective: the combination of surgery at the early postirradiation stage, guided by dose assessment and the injection of MSCs. Ir source from an industrial radiography procedure performed the previous day. The worker held the source in his hands for several minutes and thereafter kept it in his left back trouser pocket. Two coworkers were also exposed. The activity of the source was 3.33 TBq at the time of the accident (13, 14) . The local and whole-body absorbed dose estimates are shown in Table 2 (13) .The medical evaluation of the patient concluded that whole-body and severe local exposure of the left lower limb had occurred. The clinical manifestations, comprised of erythema, edema, blisters, moist epidermidis and ulceration, were observed in the irradiated area. The skin lesions were accompanied by intense pain, which was only partially alleviated by morphine. The clinical manifestations were similar to those of the patient from Yanango.
On 
RADIATION EMERGENCIES IN LATIN AMERICA AND THE ROLE OF THE IAEA
Chilean authorities in the following: 1. Ensuring that the radiation source involved in the accident was in a safe and secure condition; 2. Evaluating the doses incurred by the affected patients by, among other things, analyzing the history of exposure and the medical status of the patients; 3. Evaluating the treatment given to the affected workers; 4. Performing a medical prognosis and advising on necessary further treatment; and 5. Identifying issues for which the IAEA could coordinate assistance to minimize the consequences of the accident (13) .
On day 15 after the accident, following the request from the Chilean authorities and in line with the recommendation of the IAEA Assistance Mission, the IEC coordinated the transfer of the patient to HIA Percy in France.
Autologous total bone marrow cells were obtained from the unexposed iliac crest. Based on the dose reconstruction mapping, a wide surgical resection, including a proportion of healthy tissues, was performed on the buttock on day 21 after the accident. All tissues exposed to a dose over 20 Gy situated between the center of the lesion and the 20 Gy isodose line were excised and then covered with a cryopreserved allograft (15) . Two local MSC administrations were performed to accelerate the rate of wound healing (Fig. 4) .
The first skin lesions appeared on the fingers of the left hand rapidly after the accident (Fig. 5) . It was decided that a combined treatment of skin grafting and autologous MSC injections would be applied.
No adverse reactions to the autologous MSC administration (buttock and hand) were observed. Remarkably, the day after the first MSC injections, pain disappeared and the active clinical evolution of the lesion was halted. The size of the wound progressively decreased, following a centripetal process of healing. The patient returned to Chile on day 141 after the accident, with 98% of the buttock lesion covered.
Important factors in the Nueva Aldea accident were the early recognition of the event and a clear description of the circumstances. These consequently facilitated an early diagnosis of those workers involved and the ability to treat them with the new therapeutic approach, which consisted of surgery guided by dosimetry (in tissues), performed early after exposure and the use of MSCs for the first time (Fig. 6 ) (13) .
During medical follow-up of the patient, months after the accident, lesions appeared on the fourth and fifth fingers of his left hand, as well as osteoradionecrosis of the last phalanx of the left thumb. In 2013, a medical evaluation determined that the patient was in a good condition and presented normal function of the lower limb, with no restrictions in common activities.
OTHER RADIOLOGICAL ACCIDENTS IN THE REGION AND INTERNATIONAL ASSISTANCE IN THE COORDINATION OF MEDICAL RESPONSE
In 2012 and 2014, two radiological accidents occurred in Peru, which resulted from the inadequate manipulation of radioactive sources and the lack of safety procedures during nondestructive tests in industrial radiography. The exposed individuals incurred severe health consequences.
On January 9, 2012, the IEC received information concerning an overexposure from a radioactive source used in industrial radiography. After the IAEA's offer of aid on January 20, 2012, the IEC received a request for assistance from the Peruvian authorities for medical advice and further medical follow-up. A second request for assistance was received on February, 1, 2012 for specialized medical support for the individual most severely exposed in the accident.
An assistance action plan was organized by the IEC, and an IAEA Assistance Mission to Peru was conducted with the following objectives: 1. Assess the medical condition of those most exposed; 2. Assess the radiological impact in terms of local and whole-body doses of the most exposed persons; 3. Provide medical advice and medical treatment to those individuals; 4. Provide support in dose reconstruction based on the most probable scenario of exposure; and 5. Recommend further actions.
The medical treatment was successfully coordinated by the IAEA with the French authorities and delivered by French physicians at the HIA Percy in cooperation with the IRSN.
In May 2013, the IEC received a third request for assistance from the Peruvian authorities for medical Another industrial radiography accident occurred in Peru in 2014. The medical response was coordinated by the IEC, which organized an IAEA Assistance Mission to Peru and, at a later stage, to Brazil. The medical treatment was performed in Brazil by Brazilian physicians with assistance from French experts. A physical dosimetry reconstruction was performed by the IRSN in France. And a biodosimetry analysis was performed by the Autoridad Regulatoria Nuclear (ARN) in Argentina. This was the second time that this protocol had been successfully applied in Latin America. Over 30 professionals from nine institutions in four countries were coordinated by the IAEA to provide the medical response to this patient. Currently, both patients (from the 2012 and the 2014 cases) are under medical follow-up in Peru.
THE ROLE OF THE IAEA IN NUCLEAR OR RADIOLOGICAL EMERGENCIES
The IEC acts as the global hub for preparedness and response in the event of emergencies related to nuclear and radiological safety or security, as well as threats or events that are of interest to the media, by coordinating the international emergency preparedness and response assistance (3).
The IAEA assumes its role in emergency preparedness and response to nuclear or radiological emergencies in accordance with the Convention on Early Notification of a (17), its safety standards, relevant decisions of the policy-making organizations, interagency agreements and best international practices.
As part of the IAEA's strategy for supporting the practical implementation of the Convention on Assistance, the IEC manages the IAEA Response and Assistance Network (RANET). RANET is intended to strengthen the worldwide capability to provide assistance and advice and/or to coordinate the provision of assistance as specified within the framework of the Convention on Assistance, in the event of nuclear accidents and radiological emergencies, or in case of other nuclear or radiological incidents (18) .
There are a few medical centers in the world with sufficient experience to provide treatment to individuals with radiation-induced injuries. Some of these centers are part of RANET and have been involved in the provision of assistance in response to past radiological accidents.
FUTURE PERSPECTIVES OF MSC THERAPY AND PRECLINICAL STUDIES
During the past two decades, the IRSN and the Burn Treatment Centre of HIA Percy have demonstrated the clinical benefit of MSC therapy in the treatment of more than ten patients with local radiation-induced injuries from overexposure in radiological accidents (9, 10) . All of these clinical applications were supported by basic research performed in different preclinical studies using rodents and mini pigs.
Several strategies to improve the therapeutic potential of cell therapies in local radiation-induced injuries are under consideration. These include preclinical studies using endothelial cell progenitors (EPCs) on mice that have shown to accelerate the wound healing process in irradiated conditions by stimulating angiogenesis and restoring skin quality. In addition, to circumvent the problems of insufficient cell number and low efficiency of incorporation, two distinct strategies have been proposed: 1. The use of EPCs activated by ephrine-B2 and -B4 to increase their numbers at the site of lesion; and 2. The co-administration of EPCs and smoothmuscle progenitor cells to promote the formation of mature, more functional vessels as treatment for radiation-induced skin injury (19) . Experimental data have demonstrated that using a combined strategy is more efficient than a single approach. Unfortunately, these new approaches have limitations, such as the need for significant volumes of blood (about 20 liters) to obtain a clinical dose of cellular therapy product.
Recently, the plasticity of adipose-derived stem cells (ADSCs) has raised new hopes in the field of regenerative medicine. Moreover, the clinical application of adipocyte cells in delayed wound healing may offer a new therapeutic approach due to their mode of isolation by liposuction (a less invasive technique than bone marrow aspiration) and larger quantities of starting material. The beneficial effects of ADSCs may be the result of several cellular mechanisms: ADSC differentiation toward keratinocyte, cell fusion, paracrine effects and pro-angiogenic potential (20) . Interestingly, it has also been shown that GFP-ADSCs incorporated into vessels, and differentiated into CD31-expressing endothelial cells, lead to increased blood perfusion and vessel density (Fig. 7) . These findings confirm the potential value of ADSCs for further use in the treatment of radiation-induced cutaneous lesions.
Future developments in stem cell therapy applications to treat radiological skin lesions will include exosomes, which are secreted by a variety of cell types including MSCs, and are involved in cell-to-cell communication through the release of their proteins and nucleic acid to target cells. Exosomes have been identified as the main active component of the paracrine arsenal released by stem cells, and it has been shown that they could substitute for, and recapitulate, the beneficial effects of their producing cells. Such exosome therapeutics hold new promise in regener- ative medicine, notably by alleviating a number of safety concerns and limitations associated with the transplantation of viable replicating stem cells. Accordingly, preliminary results from a collaborative preclinical study indicate that injection of hMSC-derived exosomes results in a similarly beneficial effect as MSC injection in a radiological skin injury mouse model. 2 On the basis of clinical observations during patient follow-up, a new strategy for optimizing treatment will consist of targeting the injured tissue by using tissuespecific stem cells (e.g., muscle and bone).
All of these important preclinical studies need further confirmation in larger animal experiments before clinical trials can be conducted, to validate their therapeutic benefits. Whatever the type of cell used, several technical and practical challenges must be overcome to achieve the ideal conditions for a cell therapy that is both effective in the long term and easily applicable. The successful transplantation of stem cells and subsequent reduction in radiation-induced complications has paved the way for further development of completely new strategies in treating local radiation-induced injuries.
CONCLUSION
Individuals involved in radiological accidents have suffered severe health consequences from exposure. In the past 15 years, significant progress in the treatment of patients with local radiation-induced injuries has been made. The introduction of new techniques, as applied by the IRSN and HIA Percy Burn Treatment Centre, which are based on preclinical studies and a multidisciplinary medical approach, has improved the prognosis and quality of life for these patients.
The effective coordination of international assistance by the IAEA in the medical response to radiological emergencies, and the continued efforts to improve the sharing of knowledge among medical professionals in different countries, have been fundamental in the treatment of patients with local radiation-induced injuries.
